We have studied the retention of nitrogen in surfaces with varying roughness and the transport of nitrogen from the divertor to the outer midplane in experiments at the tokamak ASDEX Upgrade. To allow for a reliable identification of nitrogen retained from that the observed N content is roughly a factor of 4 smaller than the value predicted by these simulations. Possible reasons for this discrepancy are the toroidal asymmetric main wall geometry, which currently cannot be fully included in the simulations, or an enhanced re-erosion of deposited N.
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Introduction
The migration of impurities is a key process in the area of plasma-surface interaction because it controls material erosion and mixing and plays an important role in the tritium retention [1] . Resulting from the successful application of nitrogen for radiative cooling in tokamaks with W or W/Be surfaces [2] , questions related to the plasma-wall interaction of N appeared. While nitrogen is chemically inert in the gaseous phase (N 2 ) it can form chemically highly reactive radicals in the plasma. Of special concern are the wall pumping effect [3] , the temperature stability of nitrides formed by N ion implantation [4, 5] , the ammonia formation [6, 7] , the deuterium fuel retention in surfaces with N [8] and erosion of WN [9] .
This paper focuses on two special aspects of the N migration in tokamaks, the impact of the surface roughness on N retention in W surfaces and the transport of N from the divertor, where it is typically puffed, to the main wall. The need to understand the role of surface roughness originates from the prevalence of (technically) rough surfaces in fusion plasma experiments, while well-defined polished surfaces are employed in laboratory experiments. Roughness could be expected to play an especially important role for N retention, because N is only stored in the implantation zone of a surface and the N content saturates at areal densities of about 1.0 · 10 20 15 N/m 2 , corresponding to a 3 nm thick WN layer [4] . On a rough surface the effective surface area (and the resulting effective saturation areal density) may be significantly larger than the geometric surface area.
The transport of N to the main wall is of importance for several reasons: First, a strong contribution of the main wall to the N retention in the ASDEX Upgrade (AUG)
vessel was suggested to bring together the N saturation observed in direct measurements of the N areal density and the amount of N retained in the AUG vessel from balance estimations [10] . Furthermore, WallDYN simulations of N migration indicate that the N concentration in the core plasma increases when pumping of N by the main wall decreases with increasing level of saturation [11] . Secondly, W sputtering of plasma exposed surfaces is mostly governed by the flux of impurities like N on such surfaces. Therefore, the N fluxes to the main wall are an important input for estimating the main wall erosion. Finally, an important question related to the ammonia formation is identifying the surfaces where ammonia is produced. As the N influx is expected to be one of the major quantities determining the ammonia formation, the N flux to the main wall is required for estimating the ammonia production in this region.
Experimental set-up
Studies of N transport and WN x formation in tokamaks are hindered by the inevitable presence of a 14 N background from air. In contrast, the injection of 15 N, with an abundance of only 0.37 % in atmospheric N 2 , permits an essentially background free determination of the N deposition from the plasma exposure and has already been successfully tested in Ref. [12] . In this experiment, a total of 5.3 · 10 21 15 N atoms were injected into low power deuterium plasma discharges at AUG (shot numbers #32019-32024). To maintain toroidal symmetry, valves with 4 toroidally distributed outlets in the roof baffle were chosen for the 15 N 2 puff (see Fig. 1 ). This choice is also of practical relevance, as these valves are regularly used for N 2 injection at AUG. As can be seen in Fig. 2 , an average N 2 puff of 2.9 · 10 20 N/s was chosen. As a minimum flux is required to open the valves, a modulation of the puff (10 ms on, 30 ms off) was required. The valve is connected to the outlets in the roof baffle via a 3 m long tube. The time required for the N 2 to move from the valve location through the tube to the outlet is above 0.1 s, so that the original modulation in the puff is smoothed out.
The well diagnosed L-mode discharge from Ref. [10] was chosen as reference scenario, with moderate ECRH heating of about 400 kW and a line averaged density of
To provide a source of neutral particles for measurements of the core N concentration with charge exchange recombination spectroscopy (CXRS), short blips with the NBI heating system were required. Probably due to variations in the machine conditions, the aspired L-mode plasma was only reached in part of the discharges, while especially the first discharges were in the I-phase, an intermediate state between L-mode and H-mode [13, 14] .
As can be seen from the electron temperature measurement in Fig. 2 , the I-phase plasma resulted in fluctuating SOL plasma conditions.
The magnetic geometry and the position of the exposed samples are shown in Fig.   1 . The recently installed divertor manipulator system (DIM-II) allows to expose several poloidal rows of samples under similar conditions at the same toroidal position [15] . In this experiment we exposed four sets of samples:
• Bulk W samples mechanically polished to a mirror like surface finish.
• W coated fine grain graphite samples, where the substrate was mechanically polished and coated with a tungsten layer of 100-120 nm thickness. The polishing procedure resulted in a mostly smooth surface with holes of about 1 µm in size. (s) Figure 2 : N 2 puff (blue curve) and T e from a Langmuir probe close to the outer strike line during discharge #32024 (red curve and time averaged dark red curve). During I-phase the electron temperature at the outer strike line exhibits strong fluctuations.
• W coated fine grain graphite samples, where the graphite surface remained in its milled state and was coated with a tungsten layer of about 120 nm thickness. These samples had, similarly to the samples employed in Ref. [16] , a rather rough surface consisting of structures in the range from 10-100 µm.
• Bulk Mo samples mechanically polished to a mirror like surface finish.
Scanning electron microscope images (SEM) of the bulk W and W coated samples are shown in Fig. 3 . Each set consists of six samples which, with a total poloidal length of 20.1 cm, give a comprehensive coverage of the outer divertor target plate.
The deposition of N at the low field side (LFS) midplane was studied by exposing a cylindrical graphite cylinder coated with a W layer of several micrometer thickness by combined magnetron sputtering and ion implantation [17] to the plasma with the midplane manipulator system (MEM). The cylinder had a total length of 8.9 cm and was kept at a constant position with its tip about 2.5 cm ahead of the ICRH limiters for the six consecutive discharges. Because of a very short contact of the plasma with the sample in the ramp up phase, the sample surface heated up to a peak temperature of about 800 K.
After the intense contact the sample cooled down to below 500 K within 0.3 s.
A three dimensional CAD drawing which shows the position of the MEM relative to the neighboring auxiliary limiters is shown in Fig. 4 . The magnetic field in the MEM region is rather horizontal and the distances to the nearby and distant auxiliary limiters are 0.3 m and 1.5 m, respectively.
To determine the amount of 15 N on the samples after exposure to the plasma, we used nuclear reaction analysis (NRA). The α particles resulting from the reaction
were counted at a reaction angle of 135
• . The number of counts resulting from irradiation with 1 MeV protons was converted into the N areal density by the cross section given in
Ref. [18] . Also particles emerging from nuclear reactions of the protons with boron [19] were recorded and quantified by comparison to a calibration sample with known boron 
WallDYN modeling of N transport and retention
Especially for the transport of impurities over longer distances, not only the direct transport path, but also multi step transport processes might play a role. To study the transport including the effect of such multi step processes WallDYN simulations of the present experiment have been performed [20, 21] . This model simulates the time evolution of the surface composition of the first wall, which is discretised for this purpose into 59
poloidally distributed wall tiles.
An important input to the WallDYN simulations, which provides basic information for the simulation like the plasma density, temperature and flow pattern and the fluxes of deuterium atoms and ions to the walls is the plasma background. Based on the plasma background a set of DIVIMP [22] simulations is used to parametrize the impurity transport through the plasma and finally WallDYN combines the information on the deuterium fluxes, the impurity transport and models on the plasma-wall interaction to calculate the evolution of the impurity fluxes and the surface composition [20] . To check the sensitivity of the WallDYN simulations with respect to the plasma parameters, three different plasma backgrounds have been employed for the present work:
• The non-seeded and the N-seeded SOLPS plasma backgrounds extended to the far SOL with an onion-skin model (OSM) described in Refs. [16, 10] .
• A plasma background employing the N-seeded SOLPS solution in the divertor region and an OSM solution based on this SOLPS background but featuring a slightly different flow pattern of the upstream plasma [23] . The flow pattern was chosen as parameter to be modified because it is not reliably reproduced in SOLPS solutions but known to have a strong impact on the impurity transport in the plasma [24] . A graph with the flow profiles for the N-seeded SOLPS plasma background and this plasma background with modified flow profiles is shown in Fig. 5 .
The transport of particles perpendicular to the magnetic field lines can be modeled in DIVIMP by a combination of anomalous diffusion and convection. The reference simulation employed a diffusion coefficient of D ⊥ = 0.5 m 2 s −1 , the value of the particle diffusion coefficient used in the SOLPS simulation of the background plasma close to the separatrix. As described later, simulations with higher diffusion coefficient or an additional convective outward transport velocity in the far SOL were performed with the aim to improve the agreement with the experimental results. Based on the conclusions from Ref.
[10], N atoms are launched as atoms with an energy of about 0.03 eV.
To account for the limited N storage capacity of W surfaces in the WallDYN simu-lations, the N concentration in the reaction zone was limited as described in Ref. [10] .
In net-deposition areas where N is co-deposited with B or W, the N areal density may To mimic the pumping of N 2 by the vacuum system, sputter and reflection yields in the respective areas of the divertor were set to zero as described in
Ref. [16] . Pumping by diagnostic systems in the main chamber is not included in this model.
Modelling of flux enhancement on main wall limiter structures. As can be seen in Fig.   4 , the LFS main wall area is not toroidally symmetric, but consists of limiter structures close to the plasma and recessed areas. To include this structure to a first order in the 2D WallDYN simulations, the so called "recessed area" model is employed. This model introduces additional wall tiles so that both the limiters and the recessed wall areas are adequately described. The fraction of the wall which is attributed to the limiters and the fraction attributed to the recessed areas are specified by the user. For this work the limiters were estimated to represent twenty percent of the low field side main wall. The particle fluxes and ion energies for these wall tiles are calculated based on the following assumptions:
• The ratio of the main ion species (taken from the plasma background) and impurity fluxes to the front and recessed surfaces are calculated from user specified values for the decay length (3 cm for this work) and the distance between the front and recessed surfaces (15 cm for this work). This leads to an increase of the fluxes to the front surfaces in comparison to simulations assuming a toroidally symmetric wall.
• The electron and ion temperature of the plasma at the recessed areas, which is required to calculate the impact energy of the ions, is evaluated from a user specified decay length and the distance between the front and recessed surfaces.
• The fluxes and energies of charge-exchange neutral fuel particles are identical for front surfaces (limiters) and recessed surfaces.
• The transport of impurities starting from the front or recessed areas is not changed by the toroidal asymmetry.
Previous simulations have shown that this model mostly results only in small changes for the global erosion/deposition patterns 2 . For the N transport, however, the toroidal asymmetry leads to a faster saturation of the N content in the front areas and thereby to a different time evolution of the N flux at the LFS wall.
Calculation of the radial deposition profile. The analysis of the sample exposed at the outer midplane yields not only one value for 15 N deposition at this poloidal position but its radial variation over a distance of several centimeters. Because of its three dimensional nature, this information cannot be extracted directly from the WallDYN/DIVIMP sim-ulations. To get an estimate for the radial variation from the simulations the following procedure was implemented:
1. The N density in the plasma volume is calculated from the WallDYN/DIVIMP simulations.
2. The radial profiles of the N density (n N ) and D ion temperature (T i ) are extracted at the poloidal position of the MEM.
3. The parallel N flux at this position is estimated from the background ion tempera-
where m N is the mass of the N atoms.
4. An exponential decay is fitted to Γ N in the region where the sample was exposed,
i.e. in the range of 3.5-6.5 cm from the separatrix.
5. An estimate for the N deposition is calculated by integrating the fluxes over time and allowing for an effective reflection/re-erosion fraction of 0.25 as suggested by SDTrimSP simulations.
It should be noted that this procedure is only a very simple approximation for the full, three dimensional model. Though it should give an idea on the decay length, especially the absolute N deposition may be subject to considerable uncertainties. [16] shows that the N content after exposure to 6 discharges is only somewhat higher than after 1 or 2 discharges. Interestingly, the N content in this region increases only weakly with the surface roughness.
N deposition in the outer divertor
To support the analysis of the 15 N deposition profile and its dependence on the surface roughness, also the deposition of boron derived from nuclear reactions with the protons used for the 15 N measurement is shown in Fig. 7 . One can see that the deposition profiles show very similar patterns: The boron areal density on the bulk samples is lower and exhibits a minimum in the strike line region, while the rough samples exhibit a comparatively high B areal density around the strike line. The carbon areal density, which could only be measured on the bulk samples, is comparable to that of boron. A possible explanation for the observed deposition pattern is that for the bulk samples the minimum in the deposition profile around the strike line is caused by a more efficient re-erosion due to higher ion energies. As discussed in Ref. [25] , the net erosion rate decreases with increasing roughness, so that the B net deposition rate is higher on the rougher samples. Such a process also is a conceivable explanation for the 15 N deposition profiles. However, as discussed above the N content should already be in saturation.
Because there are only small differences in the 15 N deposition in the region of 3-5 cm above the strike line, the increased effective surface area of rough surfaces apparently does not cause a notable higher saturation areal density. For this reason, a more likely explanation is the co-deposition of N with boron.
Though a detailed comparison between the measured 15 N deposition in the divertor and WallDYN simulations will not be given, it should be noted that the WallDYN simulations shown in Refs. [10, 16] predict a significantly too low N areal density for the region of more than 5 cm above the strike line. This deviation is likely to be related to the overestimation of the N re-erosion discussed in Ref. [10] . A potential explanation for this is the recoil implantation predicted by SDTrimSP [5] , calling for a more detailed analysis of N erosion by D in laboratory experiments. Still, it seems also noteworthy that the N flux from the WallDYN-DIVIMP simulations drops significantly faster with increasing distance from the strike line than the N flux in the original SOLPS simulation. 15 N deposition measured on the samples exposed to the plasma at the outer midplane (circles).
N deposition at the midplane

Experimental results
The color indicates the position on the cylindrical sample, where an angle of 0 • points upwards (see Fig.   4 ). In the limiter shadow the 15 N deposition is much stronger on the side facing the distant limiter (blue circles). The lines are fits to the data points.
• A prefactor with an angular dependence (A 1 , B 1 , Φ 1 ) for the part of the sample in front of the limiter:
• The decay length of the N deposition (without angular dependence) in the part of the sample in front of the limiter represented by an exponential: exp (−x/w 1 )
• The decay length of the N deposition in the limiter shadow, including an angular dependence (w 2 , w 3 , Φ 2 ): exp 
Comparison of experimental results to WallDYN
A comparison of the measured 15 N deposition on the sample exposed to the outer midplane and the corresponding WallDYN predictions is shown in Fig. 9 . The gray circles show the experimental data from higher recycling level at the main walls should increase the N influx into the core plasma and thereby the core N concentration. However, such a strong increase in the core N density as predicted by WallDYN is not observed experimentally.
Discussion and conclusion
This section showed the first experimental measurements of N transport from the divertor region to the main wall. After injection of 5.3 · 10 21 15 N atoms the N areal density at the outer limiters is in the range of 10-30 % of the areal density in the outer divertor. Thereby, the 15 N deposition extends several centimeters into the limiter shadow.
Because the main wall surface area is considerably larger than the divertor surface area, this results in a significant contribution of the main wall to the total N wall storage.
Furthermore, the N content of the main wall is likely to rise faster than the N content in the divertor, which is already in saturation. Qualitatively this agrees well with earlier WallDYN predictions [16] . Furthermore, the long term evolution of the core N density seems to be different in the simulations and the experiment. This heterogeneity in the experimental and simulation results makes it unlikely that the observed deviations are caused by only one process but indicates that several processes may contribute to the observed discrepancy:
• There are indications that, especially for elevated surface temperatures, the N reerosion is higher than expected from pure physical sputtering [5, 27] . Furthermore, the core N concentration measurments show that the N content in the beginning of a discharge is lower than at the end of the previous discharge, indicating that the ramp-up and ramp-down phases might contribute to the N re-erosion. Already a comparatively small re-erosion at the sample tip could have profound consequences:
As the re-erosion depends on the concentration and probably also the surface temperature at the respective position, the measured deposition would not only be too low but also too flat. For the simulation employing the modified flow profile this means that the perpendicular transport should be reduced, which would in turn reduce the predicted N deposition.
• Processes which are not included in the DIVIMP transport calculations might reduce the transport of N to the midplane. For example, the importance of drift effects on the impurity migration have been observed earlier [28] and in SOLPS simulations drifts decreases the core N concentration [29] . Also the I-phase fluctuations (or ELMs in the H-mode data shown in Fig. 12 ) or the release of N in form of N 2 , as discussed in Ref. [30] or NH 3 molecules could reduce the N content of the upstream plasma.
• Inaccuracies in the main wall geometry or 3D effects, like the transport of reflected neutral N atoms to recessed areas, could lead to a distribution of N on a larger surface area. An increased deposition area would reduce the flux to a specific surface like the exposed sample and reduce the core N density by increased wall pumping.
Actually when the recessed wall model is not used in WallDYN, the areal density at the outer midplane agrees nicely with the experimental value.
• Finally, the presence of This flux-density is about a factor of 200 smaller than the N flux-density onto the outer divertor target, from where NH 3 molecules also could reach the pumping system without the need to cross the plasma. Therefore, even takting into account that the main wall surface area is roughly a factor of 10 larger than the divertor surface area, this indicates that the divertor region dominates the ammonia production. Still, it is clear that this very simplified model can only give a first idea and further analysis based on more detailed models is required.
Summary
The transport of N from the divertor to the outer midplane and the accumulation of N in W surfaces with varying roughness was studied in experiments at the tokamak ASDEX Upgrade. To this end samples were exposed at the outer midplane and the outer divertor to N-seeded ASDEX Upgrade plasmas and the N deposition was measured by nuclear reaction analysis. To be able to distinguish between N originating from the resid- 
